ABSTRACT This paper presents a switchable perfect absorber/reflector in S band using a PIN diode integrated active frequency selective surface (AFSS). It is numerically demonstrated that the AFSS shows over 99% absorptivity at 3.5 GHz when the diode is forward biased, whiles reflects over 99% incident power when the diode is inversed biased. An equivalent circuit (EC) model is further developed to characterize the AFSS's switchable electromagnetic performance and aim at model optimization. The empirical formulas and curve fitting technology have been employed to get the lumped element parameters in the EC model. Special considerations are given to physical attributes, including the dielectric permittivity and thickness of the substrate. The consistency of the electromagnetic simulations and EC analysis demonstrates the high accuracy of the developed EC model.
I. INTRODUCTION
In recent years, the world has witnessed a significant development in wireless communications. The increasingly complex electromagnetic circumstance and electromagnetic compatibility have attracted reasonably high attention [1] - [3] . Electromagnetic stealth or shielding becomes one of the most remarkable issues recently. Conventionally, several schemes could be used for blocking electromagnetic waves by utilizing metallic enclosures or signal jammers, but failed to discriminate between the desired and undesired signals. A frequency selective surface (FSS) is a periodic array of artificial structures that designed to transmit, reflect, or absorb electromagnetic waves with frequency selective features [4] . FSSs are widely used in many areas, such as spatial filters [5] , absorbers [6] , [7] , radar cross section reduction [8] , [9] , and electromagnetic
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compability [10] . Compared with the passive FSS, an active FSS (AFSS) is able to vary its electromagnetic characteristic by loading active elements such as PIN diodes [11] and varactor diodes [12] , [13] , offering extra flexibility and reconfiguration properties. In particular, switchable perfect absorber/reflector is one of the most important applications of AFSSs and can be electrically switched by changing the states of the PIN diode.
For analyzing the electromagnetic behaviors in FSSs, numerical techniques like finite-different time-domain (FDTD), finite element method (FEM), method of moment (MOM) algorithms have been commonly used. Despite the accurate results obtained from full wave simulations, it costs an immense amount of time in meshing, solving equations, and does not allow deep understanding of the physical mechanism behind the FSS structures. During the last few years, much effort has been devoted to the equivalent circuit (EC) analysis of FSS for the purpose of deriving simple and accurate analytical expressions of its electromagnetic behaviors.
These circuit models use lumped circuit elements for describing the impact of material properties and geometrical structures [14] - [17] . For example, coupled line method is applied to derive the equations of lumped elements of an FSS-based absorber [17] . The EC models for FSSs made of square loops and slots were also studied in [4] . However, accurate EC analysis is still highly demanded for describing AFSS with active components that having multiple functions.
In this paper, we present a switchable FSS perfect absorber/reflector based on an I-shaped resonator with a PIN diode loaded in the central branch. In order to gain further insight into such an AFSS, an EC model is developed. The lumped element parameters of the EC model are derived by gradient optimization algorithm. In particular, the proposed equivalent circuit analysis points the way to structural design and optimization of the AFSS, which helps to understand the working principles of the switchable FSS perfect absorber/reflector.
The rest of this paper is organized as follows: Section II discusses the design of the switchable FSS absorber/reflector with full wave simulation. Section III presents the EM model of the AFSS based on the resonance current distributions and the lumped element parameters in EC model are given via gradient optimization algorithm. Parametric analysis is further performed in Section IV. Finally, conclusion is given in Section V. Figure 1 shows the unit cell of the active FSS. It consists of three layers: an I-shaped metallic resonator with a PIN diode loaded in the center, a dielectric substrate, and a continuous metallic ground. The metallic parts of the structure are copper (conductivity σ = 5.8 × 10 7 S/m) and the thicknesses of both the front and back metal layers are t = 35 µm. The dielectric substrate is made of Rogers RT5880 with relative permittivity 2.2 and loss tangent 0.0009, and its thickness is h = 1.6 mm. In an active design, extra bias lines may affect the expected electromagnetic response. An effective method is to integrate the design of the feed lines into the FSS design. In our design, a pair of parallel lines are set as DC feeders along the x direction to control the states of the PIN diode. The geometrical parameters are w 0 = 6.95 mm, l 0 = 10 mm, w b = 0.2 mm, and g = 0.1 mm. The PIN diodes as used are SMP1345-079LF-type surface mountable p-i-n diodes. The equivalent circuit parameters for forward bias (denoted as ON states) are R on = 5 Ohm, L on = 1.4 nH, while for reversed bias (denoted as OFF state) are R off = 50000 Ohm, C off = 0.4 pF, respectively [18] .
II. DESIGN AND SIMULATION
The electromagnetic performance of such an AFSS is numerically studied using commercial package CST Microwave Studio. Under normal incident of a y-polarized wave, the simulation results are shown in Fig. 2 . When the PIN diode is reverse biased, the AFSS works as a perfect reflector with over 99% reflectivity for the entire frequency band of interest. While for forward bias, the normalized reflection magnitude is less than 0.1 at 3.5 GHz. Since no transmission is allowed due to the presentence of the metallic ground, such a low reflection implies that over 99% incident energy is absorbed in the AFSS. It is clear seen that dual functions of perfect absorption and perfect reflection have been achieved with the PIN diodes under the ON and OFF states at the frequency of 3.5 GHz.
III. EQUIVALENT CIRCUIT MODEL ANALYSIS
Figure 3(a) shows the surface current distribution for the proposed structure at the resonant frequency when the PIN diode is forward biased. Under normal incidence of a y-polarized wave, the induced currents go through the central wire and then symmetrically flow along the feeder lines. The detailed EC model is shown in Fig. 3(b) , which comprises a parallel reactance connecting the top FSS layer and the metal ground. In this EC model, for a unit cell, L b and L f are the inductances of the top FSS layer, R b and R f are the Ohmic resistances due to infinite conductivity of copper, where the subscripts b and f corresponding to the central branch and the DC feeders. As depicted in Fig. 3(a) , when the DC feeders are arranged in periodic array, the antiparallel currents flow in opposite directions between adjacent unit cells. Hence, the capacitance C f is due to the even-mode coupling which provides horizontal coupling capacitance between the adjacent units. Its value can be calculated based on the coupled-line geometry of the microstrip lines. The capacitance C c describes the vertical coupling capacitance between the top and bottom metallic layers. Therefore, the whole structure can be viewed as parallel combination between the front FSS and a shorted transmission line. Further simplification could be made to this EC model by simplifying the front FSS layer with an series RLC model, as shown in Fig. 3(c) . Here,
For a qualitative analysis and explanation, the switchable admittance of the AFSS can be expressed as,
where Y FSS−on and Y FSS−off are the admittances with PIN diodes under the ON and OFF states, respectively. R on and R off are the effective resistance of the PIN diode according to its equivalent circuit [18] . The total input impedance of the network could be calculated as,
where
is the impedance of the dielectric substrate with η 0 being the impedance of free space and ε r being the complex effective relative dielectric constant of the AFSS. γ = k 0 / √ ε r is the propagation constant, k 0 is the free space wave number, and h is the thickness of the dielectric substrate. The reflection coefficient of the AFSS is directly related with the input impedance,
The input impedance can be switched by changing the states of the PIN diodes. Particularly, perfect absorption occurs when Z in matches well with the free-space impedance. In order to explore the relationship between the lumped parameters and design parameters, curve fitting technology by gradient algorithm is employed for fitting the S-parameters. Explicitly, the objective loss function takes the form,
(|Re(S 11 ) − Re(S 11,tar )| + |Im(S 11 ) − Im(S 11,tar )|), (4) where f l and f h represent the start and stop frequencies, respectively, and f represents the frequency interval. S 11,tar is from full wave simulation. The gradient algorithm, a built-in algorithm of the commercial package Advanced Design System (Keysight Technologies, inc.), is applied to get the fitted values to minimize the loss function.The initial value can be obtained by resorting to quasi-static analysis of coupled microstrip lines [19] . In the EC analysis, the metal loss has been ignored since its resistor is much smaller compared to the equivalent resistor of the PIN diode. The comparison between the EC model and full wave simulation is shown in Fig. 4 . Both the magnitude and phase curves agree very well with each other for both the ON and OFF states, demonstrating the effectiveness of the EC model. 
IV. PARAMETRIC ANALYSIS
In the EC model, the values of the lumped elements depend on not only the geometric parameters but also the dielectric properties of the substrate. To get a glimpse into the physical principle, further parametric studies have been performed to analyze the switchable AFSS. As seen in Eq. (2), changing the thickness of the dielectric layer will affect the input impedance of the whole system, so that the absorption performance will change accordingly. Since the lumped elements of the FSS are almost unaffected by the thickness of the substrate, these values could be considered as unchanged, i.e., C = 0.274 pF and L = 4.07 nH. The comparisons of the EC model and full wave simulation for different substrate thicknesses are shown in Fig. 5 . For both the ON and OFF states, the simulated reflection coefficients agree very well with those by the EC model analysis. The relative difference is less than 1% for each case. This, in turn, verifies again the high accuracy of the developed EC model. To get a further insight on the influence of the dielectric property of the substrate on the performance of the AFSS, we also study the case by varying the relative permittivity of the substrate, while keeping all the geometric parameters constant. It is known that changing the permittivity of the substrate will result in the change of the capacitances (C f and C c ) in the EC model. Since the electric fields are distributed both in air and the dielectric layer, the effective permittivity can be modified as [17] ,
These coupling capacitances can be calculated based on coupled line theory [19] , which are proportional to the effective permittivity.
In Fig. 6(a) , we show the reflection coefficients of the AFSS (ON state) for different substrate permittivities, where the simulation results match very well with those by EC model analysis. It is seen in Fig. 6(b) that, with the increase of the substrate permittivity, both C f and C c increase nearly linearly, in good accordance with prediction. The resonant frequency of the AFSS is proportion to 1/ √ (L + L m )C. In Fig. 6(b) , it is also seen that with the increasing of the substrate permittivity, the resonant frequency of the AFSS exhibits an opposite trend.
V. CONCLUSION
We have presented a switchable perfect absorber/reflector in S band using a PIN diode integrated AFSS. Such an AFSS shows nearly perfect absorption at 3.5 GHz for the ON state while reflects nearly uniform incident power for the OFF state. An EC model was further developed to characterize the AFSS's switchable electromagnetic performance and aim at model optimization. Empirical formulas and curve fitting technology were employed to get the lumped element parameters in EC model. Special considerations were given to physical attributes, including the dielectric permittivity and thickness of the substrate. The comparison between EC model and full wave simulations demonstrates the accuracy of the developed EC model. 
